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Available online 20 July 2016Understanding the mechanisms by which mesenchymal stromal cells (MSCs) interact with the physical proper-
ties (e.g. topography, charge, ζ-potential, and contact angle) of polymeric surfaces is essential to design new bio-
materials capable of regulating stem cell behavior. The present study investigated the ability of two polymers
(pHM1 and pHM3) with different positive surface charge densities to modulate the differentiation of MSCs
into osteoblast-like phenotype via cell-cell ephrinB2/EphB4 signaling. Although pHM1 promoted the phosphor-
ylation of EphB4, leading to cell differentiation, pHM3, characterized by a high positive surface charge density,
had no signiﬁcant effect on EphB4 activation or MSCs differentiation. When the MSCs were cultured on pHM1
in the presence of a forward signaling blocking peptide, the osteoblast differentiation was compromised. Our re-
sults demonstrated that the ephrinB2/EphB4 interaction was required for MSCs differentiation into an
osteoblast-like phenotype and that the presence of a high positive surface charge density altered this interaction.
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Regenerative medicine1. Introduction
In the last year, signiﬁcant efforts have been devoted to the identiﬁ-
cation of synthetic substrates able to support the expansion and/or dif-
ferentiation of pluripotent stem cells. Biomaterials functionalized with
stem cell niche-related proteins and/or pro-differentiating drugs could
potentially be used to stimulate stem cell proliferation and differentia-
tion within damaged or diseased regions of the body (Chandra and
Lee, 2015; Vazin and Schaffer, 2010). However, the efﬁcacy of their de-
livery for stimulating the generation and maturation of new differenti-
ated cells may be limited either by the ﬁnite half-life of the proteins
and by the drug kinetic release (Tong et al., 2015). Given the limited
success of these approaches, strategies based on functional materials,
such as various natural and synthetic polymers, have been proposed
(Lutolf et al., 2009; Murphy et al., 2014). These artiﬁcial matrixes are
able to accelerate stem cell expansion and differentiation without the
addition of bioactive molecules. Several studies showed that polymers
trigger biological responses through direct or synergistic interactions
with cellular receptors, cytokines, or growth factors (Wang and Dong,
2015). Both polymers intrinsic (i.e. surface charge) and extrinsic proper-
ties (i.e. ability to interact with cells) played a pivotal role in dictating. This is an open access article underthe type and strength of the biological responses. In particular, during
the past two decades, cationic polymers have attracted tremendous at-
tention for their application in regenerative medicine (Samal and
Dubruel, 2015). Positive moieties can be provided by amino group in a
variety of different forms (primary, secondary, tertiary and quaternary).
The biomaterials containing quaternary amino groups, providing a per-
manent positive charge, have been the subject of extensive investiga-
tions in regenerative medicine, tissue engineering, and nanotechnology,
due to their good hydrophilicity, high biocompatibility, and adequate
chemical and thermal stability (Tabujew and Peneva, 2015).
In our previous studies, we successfully synthesized
poly(hydroxyethyl methacrylate) (pHEMA) derived-polymers differing
in the amount of 2-methacryloyloxyethyltrimethyl ammoniumchloride
(METAC) (Rosso et al., 2003; De Rosa et al., 2004). We demonstrated
that positively charged moieties on the polymer surface inﬂuenced the
substratum adhesion of primary human ﬁbroblasts, as well as prolifera-
tion, triggering signals that regulated cell survival, cell cycle progres-
sion, and expression of tissue-speciﬁc phenotypes.
Although many technical applications and scientiﬁc developments
have exploited Coulomb forces between charged polymers and oppo-
sitely charged biological macromolecules, fundamental aspects of
these interactions are not well understood (Petrauskas et al., 2015). To
date, there is very limited knowledge available on how charged poly-
mers control cell-cell interactions and inter-cellular signal transduction.
Cell-cell signaling pathways that lead to efﬁcient differentiation of stemthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ceptors (EphB4) (Nguyen et al., 2015; Gucciardo et al., 2014; Arthur
et al., 2011). Receptor tyrosine kinases of the Eph family typically inter-
act with the cell surface-associated ephrins at sites of cell–cell contact
on neighboring cells (Pasquale, 2008). Eph–ephrin complexes lead to
forward signal when Eph kinase activity propagate in the receptor-
expressing cell, and reverse signal when tyrosine phosphorylation
propagates in the ephrin-expressing cell.
The present study provides, for the ﬁrst time, an insight into how
cationic polymers surface charge density govern the fate of mesenchy-
mal stromal cell (MSC), affecting cell-cell EphB4/ephrinB2 signaling.
MSCs are self-renewing, multipotent progenitor cells, with
multilineage potential to differentiate into adipocytes, osteocytes, and
chondrocytes. In addition, MSCs can migrate to sites of inﬂammation,
supporting hematopoiesis and homeostatic maintenance. Given their
unique therapeutic properties, MSCs are a potential source of tissue re-
pair (Squillaro et al., 2015).
The results of the present study highlight how new intelligent poly-
electrolyte biomaterials, which provide a synthetic extracellular micro-
environment capable of regulating stem-cell behaviors, could be a
successful strategy in regenerative medicine.
2. Materials and methods
2.1. Materials
HEMA, METAC, ethylene glycol dimethacrylate (EGDMA), and α,α′-
azoisobisbutyronitrile (AIBN) were obtained from Sigma-Aldrich
(Italy). Alpha-minimum essential medium (alpha-MEM), MSC-
qualiﬁed fetal bovine serum (FBS), penicillin-streptomycin antibiotics,
L-glutamine, and nonessential amino acid phosphate buffered saline
(PBS) were obtained from Euroclone Life Sciences (Italy). TCM®-
deﬁned serum replacement was obtained from MP Biomedicals
(Italy). Crystal violet, Alizarin red solution, 4-methylumbelliferyl-β-D-
galactopyranoside, and all chemical reagents were obtained from
Sigma-Aldrich (Italy). All antibodies were obtained from Life Tech-
nologies (Italy). A peptide antagonist of the ephrinB2 interaction
with EphB4 (TNYLFSPNGPIARAW, TNYL), and a control peptide
(RTVAHHGGLYHTNAEVK, RTVA) were obtained from SynPeptide
Co., Ltd. (China).
2.2. Polymer synthesis and characterization
Positively charged polymers were obtained by radical chain poly-
merization, as previously reported (Rosso et al., 2003; De Rosa et al.,
2004). Brieﬂy, amixture of HEMAandMETACwasprepared undermag-
netic stirring and ﬂushedwith nitrogen for about 5min before the poly-
merization step. EGDMA and AIBN were then added as a cross-linker
and an initiator, respectively. The detailed formulations are listed in
Table 1. The polymerization was carried out in a glass mold according
to the following thermal program: 2 h at 60 °C, 4 h at 70 °C, and 1 h at
85 °C. After polymerization, the p(HEMA-co-METAC) ﬁlms were
washed extensively with sterile-distilled water and cut into circular
pieces (diameter: 1.4 and 3.4 cm) with a perforator.
The surface ζ-potential was measured using a surface zeta potential
cell (Zetasizer Nano, Malvern Instruments, Malvern, UK). SwollenTable 1
Composition of the polymerization mixtures.
Polymer name Molar ratio (HEMA:METAC) EGDMAa (w/w) AIBNa (w/w)
pHEMA // 0.4% 0.1%
pHM1 9:1 0.4% 0.1%
pHM3 7:3 0.4% 0.1%
a With respect to the monomer mixture.samples (n = 6) were cut into pieces and mounted on a cell holder.
The space between the surface zeta potential cell electrodes was
1.5 mm in width and b8.0 mm in length. Polystyrene latex standard in
aqueous buffer (−42.0 mV ± 4.2 mV) was used as tracer particles.
2.3. MSC cultures
MSCs (Cambrex Bio Science, Italy) were cultured in growthmedium
(10% FBS, 1 μg/ml amphotericin B, 50 U/ml penicillin, 50 μg/ml strepto-
mycin, and 20 μg/ml gentamicin in Dulbecco's modiﬁed Eagle medium
containing 1 g/l glucose) under standard cell culture conditions (i.e., in
a 37 °C incubator with 5% CO2). Cells from the 3rd to 5th doubling pas-
sages were used for all experiments.
2.4. Osteogenic differentiation assay
To study the osteogenic differentiation potential, the MSCs were
seeded on polymers and cultured to achieve 80% of conﬂuence as min-
imum, as reported by Di Bernardo et al. (2014). Then, the culture medi-
umwas replacedwith osteogenic inductionmedium (OIM: alpha-MEM,
10% FBS, 100 nM dexamethasone, 10 mM sodium β-glycerophosphate,
0.05 mM L-ascorbic-acid-2-phosphate, 1 μg/ml amphotericin B, 50 U/
ml penicillin, 50 μg/ml streptomycin, and 20 μg/ml gentamicin) and
cells onto polymers were induced to differentiate for 21 days.
For the mineralization assay, the cells were ﬁxed with 70% ethanol
for 1 h, washed three timeswith demineralizedwater, and then stained
with an Alizarin red solution (40 mM, pH 4.1) for 10 min. The Alizarin
red precipitates were solubilized with acetic acid (10%) for 30 min,
and the supernatants were boiled for 10min at 85 °C, followed by incu-
bation on ice for 5min. After centrifugation (15min, 15,000 ×g), the su-
pernatantsweremixedwith 10% ammoniumhydroxide, and the optical
density wasmeasured at 405 nm using a microplate reader (Cytation™
3, AHSI, Italy).
For the assessment of cell differentiation, total RNA was extracted
using TRIzol reagent (Invitrogen, Italy), according to themanufacturer's
instructions after 1, 3, 7, 14, and 21 days. Total RNA (0.2 μg) was ﬁrst
treated at 37 °C for 30 min with DNase (Promega, Italy) and then sub-
jected to reverse transcription (RT) with 0.4 μg of random hexamers
and 20 U of AMV reverse transcriptase (Promega) in a 25 μl reaction
mixture at 42 °C for 1 h. The resulting mixture was ampliﬁed by real
time PCR (qRT-PCR) using speciﬁc primers, as listed in Table 2.
Real time PCR assays were run on an Opticon-4 machine (BioRad,
Italy). The reactions were performed according to the manufacturer's
instructions using SYBR Green PCR Master mix (Invitrogen, Italy). The
PCR conditionswere: AmpliTaq Gold®DNA Polymerase (Life Technolo-
gies, Italy) activation for 10min at 95 °C and 40 cycles at 95 °C (denatur-
ation) for 15 s and 60 °C (annealing/extension) for 1 min. All the
reactions were run in triplicate and two housekeeping genes, hypoxan-
thine phosphor-ribosyltransferase 1 (HPRT1) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), were used to normalize each sam-
ple. Relative differences in the PCR results were calculated using the
comparative cycle threshold (2−ΔΔCt) method.
2.5. MSC attachment and proliferation assays
For the assessment of cell attachment, the MSCs were seeded on
polymers for 1, 3, and 6 h in serum-free culturemedium, supplemented
with 2% TCM® (MP Biomedicals). Non-adherent cells were washed off
with PBS, and the adherent cells, ﬁxed with 4% paraformaldehyde,
were stainedwith an aqueous solution of crystal violet (5 g/l). The num-
ber of cells was determined by reading the absorbance at 570 nmwith a
microplate reader (Cytation™, AHSI). The polymers incubated in the
culture medium, but without cells, were stained, washed, and served
as background. The background was subtracted for the determination
of optical density.
Table 2
Polymerase chain reaction primers used to investigate osteoblastic cell differentiation.
Gene Accession no. Forward primer Reverse primer
Runx 2 (RUNX2) NM_001024630 ACCGTCTTCACAAATCCTCCC CTGTCTGTGCCTTCTGGGTT
Osteocalcin (OCN) NM_199173 ATTGTGGCTCACCCTCCATC GTAGGCCAAACCCCAAAGGA
Osteonectin (ONN) NM_003118 GGGCTTCTCCTCCTCTGTCT AACCGATTCACCAACTCCAC
Osteopontin (OPN) NM_001040058 GCCGAGGTGATAGTGTGGTT CATTCAACTCCTCGCTTTCC
Bone sialoprotein (BSP) NM_000582 CAGGACTGCCAGAGGGTAAG TTCAAAGCCAAGTTCAGAGATGT
Sp7 transcription factor (OSX) AF477981 GTGGAACAGGAGTGGAGCTG TCCTCTCTGGAGGTCTGGC
ephrinB2 (EPHRINB2) NM_004093 CCTCTCCTCAACTGTGCCAAA CCCAGAGGTTAGGGCTGAATT
EphB4 (EPHB4) NM_004444 GCCGCAGCTTTGGAAGAG CATCCAGGCCGCTCAGTT
Hypoxanthine phospho-ribosyltransferase 1 (HPRT1) NM_000194 TCCATTCCTATGACTGTAG ATTATACTGCCTGACCAA
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) NM_002046 GGAGTCAACGGATTTGGTCGT ACGGTGCCATGGAATTTGC
250 I. De Luca et al. / Stem Cell Research 17 (2016) 248–255Cell proliferation was determined by a DNA assay using a ﬂuorimet-
ric dsDNA quantiﬁcation kit (PicoGreen, Molecular Probes Invitrogen,
Italy). Brieﬂy, the cells (6 × 103/cm2) were seeded on polymer disks
into 24-well plates and allowed to proliferate for 72 h in the growthme-
dium. At a determined time, the cells were thawed and sonicated for
15 min before DNA quantiﬁcation. Triplicates were made for each sam-
ple or standard. The samples were incubated for 10min in the dark, and
ﬂuorescence was measured on a microplate reader using an excitation
wavelength of 490 nm and an emission of 520 nm.
2.6. Quantitative senescence-associated beta-galactosidase (SA-β-gal)
assay
The percentage of senescent cells was calculated in situ by the num-
ber of blue β-galactosidase-positive cells among at least 500 cells in dif-
ferent microscope ﬁelds, as reported previously (Severino et al., 2013).
For the quantitative SA-β-gal assay, 4-methylumbelliferyl-β-D-
galactopyranoside (4-MUG) was used as a substrate of β-
galactosidase. 4-MUG does not ﬂuoresce until cleaved by the enzyme
to generate the ﬂuorophore 4-methylumbelliferone. The assay was car-
ried out on lysates obtained from cells that were grown in 6-wells
plates, as reported previously (Severino et al., 2013). The production
of theﬂuorophorewasmonitored at an emission/excitationwavelength
of 365/460 nm.
2.7. Blocking peptide assay
The cells were cultured in OIM medium for 21 days in the presence
of an EphB4 blocking peptide, TNYL (30 μM), or a control peptide,
RTVA (30 μM). The peptide-supplemented medium was changed
twice weekly.
2.8. Co-immunoprecipitation
Cells that had been grown on the polymers for 21 days in the pres-
ence of theOIMmediumwere lysed in ice-cold RIPA buffer. After centri-
fugation, the supernatants were incubated overnight at 4 °C, with
rotation using an anti-EphB4 monoclonal antibody (5 μg). The EphB4–
antibody complex was precipitated with Pierce® Protein A/G Agarose
(100 μl, Life Technologies) for 4 h at 4 °C. The beads were washed
three times with lysis buffer, and the proteins bound to the beads
were resolved on 4–12% gradient SDS-PAGE and analyzed by Western
blotting. The following primary antibodies were used: anti-
phosphotyrosine (1:2000), anti-ephrinB2 (1:1000), and anti-β-tubulin
(1:1000). Anti-mouse was used as a secondary antibody (1:10.000).
2.9. Statistical analysis
All quantitative data are presented as the mean ± SD. Each experi-
ment was performed at least three times. Statistical signiﬁcance was
evaluated using a one-way ANOVA analysis, followed by Bonferroni'stest. All the data were analyzed with the GraphPad Prism version 5.01
statistical software package (GraphPad, CA, USA).
3. Results
3.1. Effect of positively charged materials on MSC attachment and
proliferation
To study the effects of the surface charge density of cationic poly-
mers on stem cell differentiation, two structurally pHEMA-related poly-
mers with high (pHM3) and low (pHM1) positive net surface charge
were prepared as previously reported (Rosso et al., 2003; De Rosa
et al., 2004). The zeta potential of the pHEMA-based ﬁlms was
+3.4 ± 1.9 mV for p(HEMA-co-METAC) 9:1 mol/mol (pHM1) and
+11.2 ± 3.2 mV for p(HEMA-co-METAC) 7:3 mol/mol (pHM3),
respectively.
To investigate whether pHM1 and pHM3 affected cell–polymer in-
teractions, the adhesion of the MSCs was analyzed for 1, 3, and 6 h in
the presence of a TCM serum substitute (Fig. 1A). The rate of cell attach-
ment to both positive materials increased signiﬁcantly (p b 0.001) com-
pared with that of pHEMA at all examined time-points. Speciﬁcally,
MSCs attachment rate onto the pHM3 polymer was rapid with respect
to the attachment onto the pHM1 polymer (p b 0.01 at 1 h and
p b 0.05 at 3 h), while at 6 h, the cell attachment levels onto both poly-
mers were similar.
As reported in Fig. 1B,MSCs proliferationwas inﬂuenced by polymer
positive charge surfaces showing a 7.9-fold (pHM1) and 9.3-fold
(pHM3) increase already after 24 h of culture in comparison to
pHEMA. Fig. 1C reported representative images of MSCs cultured for
24 and 72 h onto pHEMA-related polymers.
3.2. Osteogenic differentiation of MSCs on the positively charged polymers
Several studies reported that positively chargedmaterials speciﬁcal-
ly directed the differentiation of MSCs into an osteoblast-like pheno-
type, promoting bone regeneration (Qu et al., 2014; Zhang et al., 2015;
Wang et al., 2012; Costa and Mano, 2014; Liao et al., 2010; Schröder
et al., 2010). To determine the capacity of the pHM1 and pHM3 poly-
mers to support MSC differentiation, the mineralization ability and the
expression pattern of well-established osteoblast differentiation
markers were analyzed by Alizarin Red staining and qRT-PCR.
MSCs cultured onto pHM1 exhibited signiﬁcantly higher mineral
density than cells cultured onto pHM3 and pHEMA (Fig. 2A–B). These
data suggested that pHM3 and pHEMA were not able to induce the dif-
ferentiation of MSCs into an osteoblast-lineage.
To better investigate the timing of differentiation process, the early-
stage markers runt-related transcription factor 2 (RUNX2) and osterix
(OSX) and late-stage markers osteocalcin (OCN), osteonectin (ONN),
osteopontin (OPN), and bone sialoprotein (BSP), were evaluated
(Fig. 3). The mRNA levels of all the genes assessed were signiﬁcantly
higher (p b 0.001) in the cells cultured on the pHM1 polymer than in
those seeded on the control polymer (pHEMA). Surprisingly, the
Fig. 1.MSC attachment and proliferation on the polymers. (A) Cell numbers after 1, 3, and 6 h of culture were determined by automated counting of crystal violet-positive cells, and the
data were then normalized to those of cells cultured on tissue culture polystyrene, which was used as a control. The bars represent themeans± standard deviation (n=3). ***p b 0.001
versus pHEMA; #p b 0.05 versus pHM1; ##p b 0.01 versus pHM1. (B) dsDNA quantiﬁcation of cell proliferation (normalized to the control) of cells cultured on the polymers for 24, 48, and
72 h. The bars represent themeans± standard deviation (n=3). ***p b 0.001 versus pHEMA. (C) Bright-ﬁeld images for MSCs after 24 and 72 h of culture on pHEMA, pHM1, and pHM3.
Scale bar: 100 μm.
251I. De Luca et al. / Stem Cell Research 17 (2016) 248–255early-stage markers of osteoblast differentiation were increased in the
cells cultured on the pHM3 polymer, whereas the levels of late-stage
markers were not signiﬁcantly altered, consistent with an impairment
in late osteoblast differentiation.Fig. 2.Mineralization of the MSC extracellular matrix on polymers. (A) Representative microg
pHM3. Scale bar: 100 μm. (B) Quantitative colorimetric results of Alizarin Red S staining durin
means ± standard deviation (n= 3). £££p b 0.001 versus pHEMA and pHM3.3.3. ephrinB2/EphB4 signaling in the MSCs cultured on polymers
To better understand the role of the positive surface charge density
of polymers in ephrinB2/EphB4 interaction, the expression andraphs of Alizarin red staining after 21 days of MSC differentiation on pHEMA, pHM1, and
g incubation on positively charged materials (7, 14, and 21 days). The bars represent the
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Fig. 3. Quantitative RT-PCR analysis of RUNX2, OSX, BSP, OCN, OPN, and ONN in the MSCs cells cultured on polymers for 1, 3, 7, 14, and 21 days in OIM. The target gene expression was
normalized to the housekeeping genes HPRT1 and GAPDH. Relative differences in the PCR results were calculated using the comparative CT (2−ΔΔCt) method. The bars represent the
means ± standard deviation (n= 3). ***p b 0.001 versus pHEMA; §§§p b 0.001 versus pHM1; £p b 0.05 versus pHEMA and pHM3; £££p b 0.001 versus pHEMA and pHM3.
252 I. De Luca et al. / Stem Cell Research 17 (2016) 248–255phosphorylation of receptor and ligand in cells cultured in OIM on
pHM1 and pHM3 were investigated.
First, EPHRINB2 and EPHB4mRNA levels were evaluated in differen-
tiating MSCs by qRT-PCR. As shown in Fig. 4A–B no difference in the
gene expression of EPHRINB2 and EPHB4was observed in theMSCs cul-
tured on either pHM1 or pHM3 at any of the experimental time points.
However, the mRNA level of EPHB4was signiﬁcantly lower in the MSCs
cultured on pHEMA.
Next, the role of the ephrinB2/EphB4 interaction in the induction of
MSC differentiation was assessed using functional and biochemical
tests. EphB4 immunoprecipitation, followed by immunoblotting with
anti-phosphotyrosine antibody, revealed that EphB4was phosphorylat-
ed only in the MSCs cultured on pHM1 (Fig. 5A), whereas EphB4 tyro-
sine phosphorylation was low or undetectable in the cells seeded onpHEMA and pHM3. Incubation of the cells with a speciﬁc blocking pep-
tide, TNYL, which prevented the interaction between ephrinB2 and
EphB4 (Tonna et al., 2014), inhibited the phosphorylation of EphB4 in
theMSCs cultured on pHM1 (Fig. 5B). In addition, no signiﬁcant change
(Fig. 5C) was observed in the presence of the control peptide (RTVA).
To address whether the ephrinB2/EphB4 interaction regulated MSC
osteogenesis on pHM1, the mRNA levels of osteoblast differentiation
markers were analyzed in the presence or absence of TNYL. As shown
in Fig. 5D, the blocking peptide inhibited the expression of late-stage
markers without affecting the mRNA levels of early-stage markers in
comparison to cells cultured in the presence of RTVA.
Recent papers reported that the positively charged surface of
dendrimers or polymeric nanoparticles strongly interacted with nega-
tively charged biological membranes, interfering with the membrane
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Fig. 4. EPHRINB2 and EPHB4 gene expression in MSCs. mRNA levels of EPHRINB2 and EPHB4 in MSCs cultured on pHEMA, pHM1, and pHM3 in an OIM for 3 days (A) and 21 days (B). The
mRNA levels were normalized to those ofHPRT1 and GAPDH,whichwere used as internal controls. The bars represent the means± standard deviation (n=3). **p b 0.01 versus pHEMA;
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Fig. 5. Induction of osteoblast differentiation by ephrinB2/EphB4 signaling. (A) Immunoprecipitation of EphB4 probed for ephrinB2 and phospho-EphB4 (ptyr) in MSCs cultured on
pHEMA, pHM1, and pHM3 for 21 days. (B–C) Immunoprecipitation of EphB4 probed for ephrinB2 and phospho-EphB4 (ptyr) in MSCs cultured on pHEMA, pHM1, and pHM3 for
21 days with the blocking peptide (TNYL) or control peptide (RTVA). Data were normalized and quantiﬁed to total beta-tubulin. Densitometric analyses were performed using
Quantity One® 1-D analysis software (BioRad, Italy). The results are representative of three similar experiments, which were carried out in triplicate. (D) Quantitative RT-PCR analysis
of RUNX2, BSP,OSX,OCN,OPN, andONN inMSCs cells cultured on pHEMA, pHM1, and pHM3 for 21 dayswith TNYL or RTVA. The target gene expressionwas normalized to the housekeep-
ing genes HPRT1 and GAPDH. Relative differences in the PCR results were calculated using the comparative CT (2−ΔΔCt) method. The bars represent themeans± standard deviation (n=
6). ***p b 0.001 versus pHEMA; £££p b 0.001 versus pHEMA and pHM3.
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Fig. 6. Effect of ephrinB2/EphB4 signaling onMSCs. (A) Quantitative RT-PCR analysis of RUNX2, BSP, OSX,OCN, OPN, and ONN inMSCs cultured on pHM3/1. The target gene expressionwas
normalized to the housekeeping genesHPRT1 and GAPDH. Relative differences in PCR results were calculated using the comparative CT (2−ΔΔCt) method. The bars represent themeans±
standard deviation (n=3). (B) Immunoprecipitation of EphB4 probed for ephrinB2 and phospho-EphB4 (ptyr) inMSCs cultured for 21 days on pHM3, then trypsinized and cultured for a
further 21 days on pHM1 (pHM3/1). The results are representative of three similar experiments, which were carried out in triplicate. Data were normalized and quantiﬁed to total beta-
tubulin. Densitometric analyseswere performed using Quantity One®1-D analysis software (BioRad). (C) Quantitative SA-β-gal assay. The bars represent themeans± standard deviation
(n= 3). §§p b 0.01 versus pHM3; ##p b 0.01 versus pHM1.
254 I. De Luca et al. / Stem Cell Research 17 (2016) 248–255structure or leading, in severe cases, to membrane structure collapse
(Tiriveedhi et al., 2011; Rossi and Monticelli, 2014).
To better understand whether the interference of high positively-
charged polymer on ephrinB2/EphB4 signaling could be reverted,
MSCs cultured for 21 days on the pHM3 were detached from this sub-
strate and cultured onto pHM1 for further 21 days (pHM3/1). As
shown in Fig. 6A, pHM3/1 cells were able to differentiate into an
osteoblast-like phenotype expressing both the early- and late-stage
markers. Furthermore, ephrinB2/EphB4 forward signaling was restored
as demonstrated by EphB4 tyrosine phosphorylation (Fig. 6B).
In addition, the effect of the ephrinB2/EphB4 interaction on the apo-
ptosis or senescence of stem cells cultured on the pHEMA or pHM3
polymerswas investigated. The results showed that senescence affected
only MSCs cultured for 21 days under osteogenic conditions on pHEMA
(Fig. 6C). Moreover, in our condition, no modiﬁcation of the apoptotic
rate was detected in the MSCs cultured on all the tested materials
(data not shown).
4. Discussion
This study demonstrates that a positive surface charge density af-
fects cell–cell ephrinB2/EphB4 signalingmodulating humanMSC differ-
entiation toward an osteoblast phenotype. The cell/material interaction
is a complex, dynamic process in which the cell and thematerial syner-
gistically inﬂuence the fate of the cell. Indeed, the speciﬁc physical prop-
erties of polymer surfaces (e.g., topography, charge, ζ-potential, and
contact angle) can modulate the behavior of stem cells by inducing a
cascade of events which start with cell adhesion and end with cell dif-
ferentiation (Kaivosoja et al., 2012; Li et al., 2015). Several studies
have recognized the surface cationic charge of polymers as an important
co-factor in inducing stem cell differentiation toward osteoblasts and in
stimulating bone formation, both in vitro and in vivo (Murphy et al.,
2014; Tan et al., 2012). In particular, Iwai et al. synthetized materials
with various charge ratios ranging from negative (−28 mV) to positive
(+21 mV) able to induce drastic morphological changes in adipose-
derived vascular progenitor cells (Iwai et al., 2013). Moreover, Zhang
et al. designed positively-charged surface with tertiary amines with
excellent cytocompatibility as well as remarkably upregulated
osteogenesis-related gene/protein expressions and calciﬁcation of the
bone marrow stem cells (Zhang et al., 2015). However, the role of the
surface charge density on cell-cell communication and its effect on
stem cell behavior are still unknown. Here, we synthetized two
p(HEMA-co-METAC) polymers with high (pHM3) and low (pHM1)
positive surface charge densities that differently modulate theMSCs os-
teogenic differentiation without affecting cell adhesion and proliferation.Our results demonstrated that the presence of high positive charge
density perturbs ephrinB2/EphB4 interaction leading to an impair-
ment in late-osteoblast differentiation.
Receptor tyrosine kinases of the Eph family bind to cell surface-
associated ephrin ligands on neighboring cells, generating bidirectional
signals that affect both the receptor-expressing cells (forward signaling)
and the ligand-expressing cells (reverse signaling) (Pasquale, 2008;
Tonna et al., 2014). Several studies showed that ephrinB2/EphB4 signal-
ing was implicated in the cell fate decisions of intestinal epithelial cells,
hematopoietic lineages, and bone remodeling (Pasquale, 2010;
Himanen et al., 2007; Pasquale, 2005; Arthur et al., 2009; Sancho et al.,
2003). Zhao et al. demonstrated that the forward signaling through
EphB4 enhances osteogenic differentiation in calvarial osteoblasts, sug-
gesting that EphB4 is at the top of the regulatory cascade during osteo-
blast differentiation (Zhao et al., 2006). Although pHM1 and pHM3non-
signiﬁcantly inﬂuenced ephrinB2 and EphB4 gene expression, phos-
phorylation of EphB4 was detected only in cells cultured on the low-
chargedmaterial, conﬁrming the activation of ephrinB2/EphB4 forward
signaling. The role of the positive surface charge density in ephrinB2/
EphB4 signaling, was conﬁrmed using a blocking peptide, TNYL, which
speciﬁcally binds to the ephrinB2 binding domain of the EphB4 recep-
tor. This functional assay demonstrated that blocking the ephrinB2/
EphB4 forward interaction impaired osteoblast differentiation also in
MSCs cultured on pHM1. This ﬁnding suggests that positively charged
polymers may inﬂuence stem cell behavior by perturbation of the
Eph/ephrin interaction between neighboring cells, thus inhibiting both
Eph/ephrin oligomerization in high-order clusters, and inter-cellular
signal transduction (Himanen et al., 2010; Seiradake et al., 2010;
Schaupp et al., 2014).
5. Conclusion
The present study demonstrates a functional role of charged poly-
mers in altering or supporting the osteogenic differentiation of MSCs
through themodulation of the ephrinB2/EphB4 interaction, without af-
fecting cell proliferation or expression of early-stage differentiation
markers. Our results provide evidence that ephrinB2/EphB4 interaction
within the osteoblast lineage is a control mechanism required for con-
tinuation of late stages of MSCs differentiation into osteoblast-like phe-
notype. For the ﬁrst time we have shown that high charged polymers
could modulate the interaction of potent signaling proteins like Ephs.
Finally, the results highlight that rationally designed materials,
which exploit speciﬁc, and tunable surface characteristics, can offer un-
precedented advantages: they give rise to biomaterials able tomodulate
functional aspects of biological signaling.
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